urchins. Many of their skeletons are composed of large unusually shaped single crystals of magnesium-bearing calcite, each of which is formed in a separate vesicle. The spines of sea urchins, some of which are tens of centimeters long, are each single crystals as determined by x-ray diffraction. Curiously, the five continuously growing teeth of sea urchins blend properties of both crystal-growing strategies. The individual crystals also each forms in a vesicle, but the final product is a highly organized multicrystalline array of high magnesium-calcite crystals in an organic matrix (2). Little is known about how calcareous sponges form their calcitic spicules. Based on the observations of Minchin (3) and Jones (4) , the process appears to be similar to that used by echinoderms.
Almost all mineralized tissues, irrespective of the strategy used, contain a distinctive assemblage of unusually acidic proteins or glycoproteins or both (1). In some tissues, they are known to be intimately associated with the mineral phase, and many in vitro experiments show that they are capable of influencing crystal growth. They are therefore widely believed to be intimately involved in controlling crystal formation. It is also either generally believed, or perhaps more often implicitly assumed, that crystal components of mineralized tissues are basically the same as their inorganic counterparts. Here we provide unequivocal evidence that this is not the case for calcite crystals formed by both the matrix and the vesicle strategy. We show that a variety of organisms do exert control over the internal texture of their crystals. We suggest that one of the mechanisms used for achieving this is the controlled intercalation of some of the acidic macromolecules into the crystal lattice.
The assumption that biogenic and inorganic crystals are intrinsically the same has persisted, although it has been known for a long time that some skeletal elements behave crystallographically as single crystals, yet mechanically their behavior is more typical of amorphous materials. This behavior is true of calcitic spicules formed by sponges, echinoderm skeletal elements, and some unusual foraminiferal shells, all of which break with a conchoidal fracture, rather than the smooth planar cleavage surfaces characteristic of single inorganic crystals of calcite (5). The latter are known to be particularly brittle because of their tendency to readily cleave along the socalled "cleavage rhombohedron" planes ({104} in the hexagonal representation). Proposed explanations for the modified mechanical properties of the biogenic materials ranged from assuming a perfectly aligned assemblage of crystals (6) to suggesting that the conchoidal fracture is due to a shapedependent reaction to mechanical stress (7). The presence of proteins inside crystals has been reported, but it was generally assumed that protein was trapped or deposited in the form of continuous sheaths between separate crystallites (8) . We recently demonstrated that at least some of these proteins in sea urchin (echinoid) spines are dispersed inside the crystal lattice, so as to impart modified fracture properties to the single crystals (9 (Fig. IA) . The sea urchin larva is supported by two spicules (Fig. 1B) , each one of which is a single crystal (12). The sponges (Fig. 1C) Table 1 .
Comparisons of Crystal Texture
The crystal textures of the biogenic elements are compared in The different skeletal elements have different magnesium contents, which may also affect crystal texture. Magnesium is usually We also note that the degree of mosaicity of the crystals cannot be related to crystal size or shape. The Atrina prisms are much larger than the Paracentrotus larval spicule and are in the same size range as the Paracentrotus adult spine (Table 1) . Note too that the Paracentrotus larval spicule has a continuity of shape and is much less convoluted than the adult spine. Despite this, the spicule and spine have almost exactly the same range of mosaicity.
We conclude that the texture of each crystal type is an intrinsic property of the mineral lattice that varies from one taxonomic group to another. It cannot be only related to crystal size, shape, or the amount of magnesium. The possibility examined, here is that it may be related to the presence of occluded biological macromolecules.
In terms of crystal texture, the Atrina prisms are the most perfect biogenic skeletal elements measured and are most similar to the synthetic crystals. Furthermore, the Paracentrotus tooth element is more perfect than the adult spine or the larval spicule. Both prisms and tooth elements function in multicrystalline ordered arrays and hence do not withstand mechanical stress in isolation. The sponge spicules occupy an intermediate range in the spectrum, with a relatively high coherence length and low angular spread, close to that of the polycrystalline materials. In the sponge, the spicules are packed tightly together and hence probably alter the mechanical properties of the tissue en masse (13). All of these observations strongly suggest that crystal texture is not only under biological control, but is somehow related to function. The ability of extracted biological macromolecules from sea urchin skeletons to be selectively occluded within calcite crystals on planes parallel to the c axis and to influence crystal texture has been demonstrated in vitro (9, 14) . Presumably the changes observed in crystal texture in this study are related to the same phenomenon. If we assume that protein intercalation is directly related to the decrease in coherence length, the protein is intercalated in the sea urchin spine at intervals of 1500 to 2000 A. In the mollusk shell element, on the other hand, the intracrystalline protein appears to be occluded at the boundaries of large domains (4000 to 5000 A), similar in size to synthetic calcite (10). In vitro experiments in which proteins from Atrina prisms were used, resulted in non-specific interactions with growing calcite crystals, although these proteins were also occluded inside the crystals. Further experiments of this type with purified occluded proteins in the presence and in the absence of magnesium need to be performed to assess more precisely the role of the different proteins in controlling crystal texture.
Anisotropy in Crystal Texture
Our interpretation of the mechanism of crystal reinforcement is based largely on the postulated effect on fracture of selective occlusion of protein along specific crystal planes parallel to the c axis but oblique to the cleavage plane (9) . If this mechanism indeed operates in vivo, the proteins should induce relatively more textural disorder along planes parallel to the c axis as compared to planes oblique to the c axis. This disorder should be reflected at the level of crystal texture by preferential broadening of the diffraction peaks derived from the planes where adsorption took place, assuming that the occluded protein selectively or preferentially affects only the set of crystal planes where it was adsorbed. Here we report evidence demonstrating such an anisotropic effect.
In Fig. 3 we show the relations between the coherence length and the deviation of the diffracting plane from the ab plane for the two Atrina prisms, the Paracentrotus adult spine and larval spicule, the foraminifer Patellina, and one synthetic calcite crystal.
The control synthetic calcite crystals, as well as the foraminifer shell, show no discernible trend (Fig. 3, E and F ; see legend for statistical analyses) (18). The Paracentrotus adult spine and larval spicule both show a small but significant decrease in coherence length along crystal planes parallel to the c axis (Fig. 3, C and D) . This result implies that proteins are preferentially occluded on planes parallel to the c axis, and is consistent with the earlier morphological in vitro observations (9). The Atrina prisms show an opposite even more significant trend; the coherence length is preferentially decreased for planes perpendicular to the c axis (Fig. 3, A and B) . Following our hypothesis, this would correspond to preferential occlusion of proteins on the ab plane. This result is in agreement with the presence in the prisms of well-developed growth lines in the same direction, as revealed by preferential etching. If this is correct, this observation may provide an important insight into the physical basis of such growth lines and an explanation for the manner in which they form. This study shows that control over the textural properties of biologically formed crystals is a widespread phenomenon and that different organisms use different strategies for achieving this effect. It will be of much interest to decipher these strategies, learn more about the structural parameters that control various macromolecule-crystal interactions, and in so doing, possibly open the way to applying this new knowledge to manipulating crystal textures for the purposes of improving synthetic materials.
